Average hepatic expression (mRNA per cell per gene) of a metallothionein-rat growth hormone (rGH) gene with its natural introns was about 15-fold higher than an intronless version when tested in transgenic mice. We examined the idea that intron removal leads to an alteration in chromatin structure that might be responsible for this effect. Using an in vitro chromatin assembly system, we observed that nucleosomes were aligned in a characteristic ordered array over the gene and promoter when all introns were present. Linker histones were necessary for this alignment to occur. In contrast, nucleosome alignment was perturbed in constructs lacking some or all of the introns. A similar disruption of nucleosome alignment was observed when comparing chromatin from livers of transgenic mice carrying rGH transgenes with or without introns. In vitro, sequences at the 3' end of the rGH gene position nucleosomes and facilitate nucleosome alignment upstream; however, nucleosome alignment does not occur on the -3 kb of downstream flanking rat sequence. These observations suggest that signals present in genomic rGH DNA may serve to establish appropriate nucleosome alignment during development and, possibly, to restore nucleosome alignment to the transcribed region after disruption incurred by the passage of an RNA polymerase molecule, thereby facilitating subsequent rounds of transcription.
The use of cDNA constructs or heterologous promoters in transgenic mice often leads to poor gene expression, even for constructs that permit efficient gene expression when transfected into cultured cells (1, 2) . The rat growth hormone (rGH) gene fused to the mouse metallothionein (mMT) promoter has been studied in some detail. It was shown, in this case, that the effect of introns on expression was at the level of transcription. The transcriptional efficiency in transgenic mouse liver was increased by 10-to 100-fold when the natural rGH introns were included (2) . Improvement in the average expression level and the number of mice that gave detectable expression was observed. The general lack of a marked stimulatory effect on transcription when introns were placed at various unnatural locations with respect to the promoter, along with the lack of a stimulatory effect when constructs were transfected into cultured cells, appears to rule out the existence of ordinary enhancers within introns. Moreover, although the first intron (intron A) alone, in its natural location, was able to rescue expression to a level of 50% in transgenic mice, the presence of introns A and B curiously led to lower average expression levels than when no introns were present (3) .
A possible explanation for these findings is that genomic DNA might contain sequence arrangements that facilitate the packaging of some genes into chromatin (2) (3) (4) (5) (6) . Thus, unnat- ural sequence arrangements might lead to less well-defined chromatin structures that may be deleterious to either transcription initiation or elongation. To test this idea, we examined the ability of the same set of mMT-rGH constructs (see Fig. 1 ) that were used in the transgenic mouse studies (3) to assemble into histone Hi-dependent chromatin structures in vitro. Our in vitro system, which contains purified histones as the only cellular component, assesses the inherent tendency of DNA sequences to assemble into chromatin (7) . We found that the natural rGH genomic sequence, compared with an intronless version, stimulated the formation of an ordered nucleosome array for chromatin assembled in vitro and in transgenic mice. Also, there was a good correspondence between the nature of the chromatin assembled in vitro for constructs that contained particular combinations of introns and the expression results in transgenic mice.
MATERIALS AND METHODS
Chromatin was assembled in vitro using chicken erythrocyte core histones and linker histone H5 by procedures previously described (5) . It was demonstrated, using construct a, that virtually identical results were obtained when histone H5 was replaced by a histone Hi mixture (subtypes a plus b) from chicken erythrocyte. These linker histones closely resemble the most abundant Hi subtypes from murine tissues, whereas H5 resembles murine Hi°; the core histones in all vertebrates are very similar (8) . The mMT-rGH constructs a-d (Fig. 1) , containing different combinations of introns, have been described (3) .
During the course of these experiments, we found that construct d inadvertently contained deletions, totaling about 500 bp, in the EcoRI-Xho I mMT-I fragment, beginning about 600 bp upstream from the transcription start. This region contains repeated DNA sequences (9); sequences involved in transcriptional regulation (10) were not deleted. However, to properly compare the MNase digests of constructs a and d, so that upstream sequences would be identical, we constructed a', in which the EcoRI-Xho I fragment from a was replaced by the shorter EcoRI-Xho I fragment from d.
High-copy-number transgenic mice were prepared that contained head-to-tail tandem repeats of a HincII fragment that includes -1.7 kb of mouse metallothionein promoter and 5' flanking region as well as the entire rGH coding region (see construct a, Fig. 1 ). The HincII fragment was cloned into a plasmid polylinker so that it would be flanked by Mlu I and BssHII sites. The resultantMlu I-BssHII fragment was purified by agarose gel electrophoresis and electroelution and then ligated with T4 DNA ligase. The ligation reaction was digested with Mlu I and BssHII to remove all head-to-head and tail-to-tail products. Analytical gels revealed a ladder of bands.
Abbreviations: mMT, mouse metallothionein; rGH, rat growth hormone; MNase, micrococcal nuclease.
7724
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. I (see Fig. 1 map) . The 7th band of the ladder runs slightly slower than the 1353-bp marker, consistent with 7 x 195 bp = 1365 bp, and the 12th band runs slightly faster than the 2352-bp marker, consistent with 12 x 195 bp = 2340 bp. A densitometer scan resolved 13 peaks (Fig. 2B, tracing a) . Significantly, several strong bands arising from preferred MNase cutting sites on the naked DNA control, in the region of the gel above 1078 bp, are well protected in the chromatin sample, providing strong evidence that the native-like chromatin ladder arose from a nucleosome array that was highly ordered and not simply from the preferred cleavage sites in DNA. Virtually the same ladder was detected using probe III, the rGH cDNA (not shown). Interestingly, appreciable nucleosome ordering did not occur on the -3 kb of rat sequence flanking the rGH gene on the 3' side, as assessed using probes IV-VI (data not shown).
When no introns were present (Fig. 24) , a less regular nucleosome ladder was detected. The densitometer scan (Fig.  2B, tracing b) shows that although the first four peaks are very similar to those generated with the natural rGH gene, peaks after the fourth are in spurious positions or are not well resolved. Overall, the peaks after the fourth are not at multiples of 195 bp. Also, it can be seen from the gel photograph ( Fig. 2A) 18 times that obtained for the intronless version.
To perform the chromatin analysis, nuclei prepared from adult mouse livers were digested with MNase and the DNA was examined by Southern analysis using the same mMT fragment probe as in Fig. 2 . To minimize the contribution to the hybridization signal from the endogenous mMT gene, and to better detect the transgenes, only mice that gave signifi- cantly stronger hybridization signals for their MNase digests (using probe I) than a nontransgenic control were selected. Two such mice (262-1 and 254-3) were obtained that contained construct a; transgene copy numbers were 163 and 17, respectively (Table 1) . Suitable mice that contained construct b were also produced; for example, mice 271-5, 273-7, and 274-4 had transgene copy numbers of 25, 43, and 49, respectively. In some cases, mice were not selected because the amount of liver tissue or yield of nuclei was low. In general, there was a good correspondence between the measured transgene copy number (Table 1 ) and the intensity of the MNase hybridization signal, which is expected to be additionally influenced by the overall accessibility of the transgene chromatin. For example, highly accessible chromatin structures for particular transgenes might result in that DNA being preferentially digested away (and not contributing to the nucleosome ladder).
As an important control for comparing the chromatin structures of the natural and intronless transgenes, the total chromatin was examined by ethidium bromide staining for the different mouse livers to demonstrate that no perturbations of the bulk chromatin had occurred during sample preparation. Fig. 3A shows that MNase ladders of high quality were obtained in all cases. Nucleosome repeats were 195 ± 5 bp. The total chromatin ladders obtained from the mouse livers of mice that harbored natural or intronless rGH transgenes were virtually indistinguishable. In Fig. 3B , scans of autoradiograms from Southern blots corresponding to samples containing natural (a) or intronless (b) transgenes are compared. Samples that are compared were run on the same gel and were blotted and hybridized to the same radiolabeled probe (probe I). This procedure largely eliminated variations arising from DNA transfer, probe labeling, and membrane washing. It is clear from Fig. 3B Upper that the periodic peaks obtained are more intense for the intron-containing transgene (tracing labeled a) than for the two intronless transgenes (tracings labeled b). Digests from two other transgenic mice are also compared (Fig. 3B Lower) . Here, about 13 well-resolved periodic peaks were obtained for the intron-containing sample, mouse 254-3 (a), whereas fewer and less intense peaks were resolved for the intronless sample, mouse 274-4 (b). These results are similar to those obtained in the in vitro experiment (Fig. 2) . The skewing of thee DNA fragment distribution toward higher molecular weights in nuclear digests compared to the in vitro-assembled chromatin results from the much higher initial molecular weight of the chromatin in nuclei compared with the plasmid construct. It is also noteworthy that mouse 266-9, with an intronless transgene, gave a significantly poorer MNase ladder (not shown) than mouse 254-3 (Fig. 3B) , even though the transgene numbers and expression levels for these two mice were essentially the same. Thus, the chromatin structure of the transgene appears to depend on the presence or absence of introns rather than on copy number or expression level.
Nucleosome Positioning with Respect to DNA. Because the enhanced nucleosome ordering for intron-containing constructs observed in vitro was similar to that found in transgenic mice, we performed additional in vitro experiments to provide information on the mechanism whereby introns stimulate nucleosome alignment. We examined the mMT promoter and the rGH sequences for uniquely positioned nucleosomes using the indirect end-label method (14, 15) . We did not find evidence for uniquely positioned nucleosomes over the mMT promoter (data not shown). However, at the 3' end of the gene, an array of five positioned nucleosomes formed when linker histones were present, as evidenced by the striking ladder of six bands spaced at '200-bp intervals that appeared in the chromatin sample in Fig. 4 in the region of the gel indicated by the heavy vertical line at the left. The positions of these cutting sites on the DNA are indicated on the map in Fig. 1 (construct  a, arrows) . (Fig. 1) 4 . Indirect end-label analysis for nucleosome positioning with respect to DNA sequence. Construct a was reconstituted with core histones, the sample was divided into two portions, and one portion was incubated with linker histone (H5+), while the other was not (H5 -). Samples were digested with MNase (as described in the legend to Fig. 2 the promoter region was exceptionally poor for this construct compared with the well-ordered control (a') having identical sequences upstream from the probe and identical sequences downstream for'about 1.5 kb (data not included). It was also of interest to examine construct c, which contained only intron A, because transcriptional efficiency was better with this construct than with construct d and was about half of that found for the genomic construct a (3). Interestingly, the promoter region appeared well ordered for this construct, with a nucleosome repeat of about 200 bp. However, good nucleosome alignment did not extend throughout the transcribed region, as evidenced by using a cDNA probe, in contrast with construct a (data not included). In all cases, higher levels of expression correlated with better nucleosome alignment.
DISCUSSION
Previously we demonstrated that various transgene constructs were expressed more efficiently in mice when the natural gene with its introns was used rather than an intronless, cDNA version (2) . Experiments were performed indicating that the effect of introns was at the transcriptional level and was not related to splicing or mRNA stability. Subsequent experiments revealed that heterologous introns could in some cases improve the expression of cDNA constructs to a limited extent if they were inserted between the promoter and the cDNA (3) . We speculated that introns (or genomic DNA) might have sequences that are important for phasing nucleosomes relative to promoter elements. In this paper we examined the effects of introns on chromatin assembly of the MT-rGH gene. We found that, although introns did not serve to phase nucleosomes with respect to promoter sequences, their presence facilitated the formation of regularly spaced nucleosomes over the rGH gene and promoter, both in chromatin from trans-genic mice and in chromatin assembled in vitro. In the absence of introns the nucleosome arrangement over the promoter and rGH gene was irregular and haphazard. It is reasonable to suppose that the negative influence on transcription observed might arise from either inhibition of transcription initiation or transcription elongation by the presence of irregularly arranged nucleosomes. For example, close packed nucleosomes in the promoter region might be more difficult for transcription factors to displace. Alternatively, irregular nucleosome arrangements might lead to the formation of aberrant higher order structures that occlude transcription factors or interfere with the progression of RNA polymerase.
An array of strongly positioned nucleosomes formed over the 3' end of the natural rGH gene, including exons 3-5 (Fig.  4) . The sequences where this positioned array forms may constitute part of the nucleosome alignment signal responsible for the apparent spreading of the 195-bp repeat throughout the rGH gene and the mMT promoter. Because this kilobase of DNA includes exons 3-5 and introns C and D, it is easy to understand why removing the introns from this region could impair proper nucleosomal organization.
Although the idea of a chromatin organizing region (4, 7) located at the 3' end of the gene is attractive, other sequences can also influence the nucleosome alignment. For example, if we start with the intronless construct b that is not expressed well and insert only intron A to yield construct c, nucleosome alignment in the promoter region is improved (data not shown) and expression increases to about half that of the natural gene (3) . Over the course of these experiments, we observed that the 1.8-kb mMT sequence alone has a weak tendency to align nucleosomes and also that a positioned nucleosome formed over intron A (data not included). We suspect that the presence of intron A alone fortuitously strengthened nucleosome alignment over the mMT sequence by adding a positioned nucleosome in phase with the mMT signal. Addition of introns A and B (construct d) inhibits expression and nucleosome alignment, compared with intron A alone, perhaps because intron B (718 bp), which contains a 195-bp tandem repeat sequence (16) , has a tendency to position nucleosomes in phase with the nucleosomes that normally form downstream on the natural rGH gene (data not shown), but out of phase with the mMT signal. Hence, in construct d the promoter region receives two weak conflicting nucleosome alignment signals, one from intron B and one from the mMT sequence. Thus, it is not surprising that complex effects can occur when unnatural sequences are juxtaposed.
Because effects of introns on gene expression are often observed when constructs are used to generate transgenic animals, but not when transfected into cultured cells, we favor the idea that appropriate nucleosome alignment, influenced by the DNA base sequence, plays a role in gene regulation during development (3, 5) . However, because nucleosome alignment in vitro appears to be directed over the rGH gene (with spreading over the promoter region), but not over the 3' flanking sequences, it is plausible that the nucleosome alignment signals in rGH DNA serve to realign nucleosomes after the disruption incurred by the passage of RNA polymerase (17, 18) . Nucleosome alignment in vitro occurring only on the transcribed region was also observed for the chicken ovalbumin gene (4) . In addition to the effects of introns on gene expression, we have also observed that sequences flanking the Mf locus can dramatically improve the expression of the intronless MT-rGH transgene (13) . These MT flanking sequences have many properties of locus control regions and they may facilitate the opening of chromatin domains during development.
The results described here reinforce the idea that genes have evolved so that flanking sequences, promoter, coding regions, and introns function appropriately together, in the context of chromatin. This view predicts that some mutations, especially insertions, deletions, and translocations, that result in the formation of unnatural sequences may have profound effects on transcription efficiency.
